INTRODUCTION
============

Centromere protein A (CENP-A) is a specialized histone H3 variant that is specifically present in nucleosomes at centromeric chromatin and is believed to epigenetically define centromeric chromatin. New CENP-A deposition into centromeric chromatin is uncoupled from DNA replication in humans and most metazoans. New CENP-A is loaded at the centromere by its chaperone Holliday junction recognition protein (HJURP) in early G1 just after the cell exits mitosis ([@B23]; [@B10]; [@B12]). Replication-independent CENP-A deposition presents the additional challenge of assembling new CENP-A nucleosomes into a chromatin template that is already assembled with existing nucleosomes and presumably condensed chromatin. H3.3 nucleosomes may be selectively removed in this process to make room for new CENP-A at the centromeres ([@B9]).

HJURP recognizes the CENP-A histone H3 variant through a set of specific amino acids within the centromere-targeting domain of CENP-A ([@B6]; [@B12]; [@B3]). HJURP binds CENP-A via HJURP's N-terminal Scm3 domain, which is conserved from yeast to vertebrates ([@B38]; [@B42]; [@B8]; [@B11]; [@B22]; [@B51]). The recruitment of HJURP to chromatin is sufficient to determine the site of new CENP-A nucleosome assembly in human cells ([@B2]). At the centromere, the selective recruitment of HJURP depends on the missegregation protein 18 (Mis18) complex ([@B2]; [@B5]). Mis18 binding to the HJURP centromere-targeting domain is believed to directly couple new CENP-A deposition to the existing CENP-A at the centromere ([@B49]; [@B46]; [@B30]). In addition to binding HJURP, the Mis18 complex may also influence histone acetylation at centromeric repeats ([@B18]; [@B14]), thus priming centromeric chromatin in a way that makes it compliant for HJURP recruitment and CENP-A deposition. Mis18α has also been shown to interact with DNMT3A and DNMT3B and to enhance DNA methylation within centromeric chromatin and CENP-A assembly ([@B17]; [@B26]). Thus the Mis18 complex may function to prepare centromeric chromatin for accessibility by the CENP-A deposition machinery.

The condensin complexes have been extensively characterized for their fundamental roles in inducing chromatin condensation during mitosis, but they are also involved in a variety of nuclear functions in the interphase nucleus ([@B19]; [@B35]). Two condensin complexes are present in metazoans. The condensin I and II complexes share the large structural maintenance of chromosomes (SMC) subunits SMC2 and SMC4, which are chromosomal ATPases ([@B21]). Condensin I and II each contain three complex-specific subunits---CAPD2, CAPG, and CAPH; and CAPD3, CAPG2, CAPH2, respectively ([Figure 1A](#F1){ref-type="fig"}; [@B20]). Together, the condensin complex proteins form a ring-like structure ([@B40]). Condensin II is largely responsible for the axial shortening of mitotic chromosomes, and it works alongside condensin I, which is responsible for lateral compaction of mitotic chromosomes ([@B33]). Condensin II is localized in the nucleus throughout the cell cycle, whereas condensin I gains access only upon nuclear envelope breakdown in prometaphase. Condensin I gains access to the nucleus after nuclear envelope breakdown and is loaded onto mitotic chromosomes after phosphorylation events by CDK1, Aurora B, and Polo-like kinases ([@B27]; [@B16]; [@B44]). Condensin II also undergoes multiple phosphorylation events by mitotic kinases Mps1, CDK1, and Plk1 that contribute to its activity ([@B1]; [@B24]). The interaction of condensin I with mitotic chromosomes is more dynamic than that of condensin II, suggesting that these two complexes interact with chromatin differently ([@B15]).

![Condensin II depletion results in CENP-A deposition defect in human cells. (A) Schematics of human condensin I and II protein complexes. (B) Schematic of inducible mCherry-CENP-A cell line. Cells were treated for 48 h with negative control, HJURP, CAPH, and CAPD2 (condensin I siRNA) or CAPH2 and CAPD3 siRNA (condensin II siRNA), and then mCherry-CENP-A expression was induced by Dox addition for the last 15 h. (C) Representative images of HeLa-TRex cells expressing inducible mCherry-CENP-A after siRNA to indicated targets. Cells were preextracted and fixed, then immunostained with CENP-T antibody to mark centromeres. mCherry-CENP-A signal is scaled evenly between conditions. Scale bar, 5 μm. (D) Quantification of centromeric mCherry-CENP-A intensity from experiment in C; ≥5200 centromeres/condition, three biological replicates. Bar represents the mean, and whiskers mark the SD. Blue dashed line marks the mean mCherry-CENP-A intensity in negative control siRNA--treated cells. *p* \< 0.0001 as compared with negative control by Kruskal--Wallis test.](54fig1){#F1}

In the context of centromeric chromatin, depleting the common condensin subunits SMC2 and SMC4 results in a reduction in CENP-A/Cse4 loading in yeast and human cells ([@B48]; [@B37]). Depleting specifically the condensin II complex in *Xenopus* egg extracts also results in decreased CENP-A loading ([@B5]). This suggests that specifically the condensin II complex may have a unique contribution at centromeric chromatin. Whether the condensin II complex is selectively involved in CENP-A deposition and how the complex is specifically linked to centromeric chromatin in human cells are not known.

Here we demonstrate a role for condensin II in human CENP-A deposition. Condensin II is present at early G1 centromeres in human cells and interacts with the CENP-A chaperone HJURP. This early G1 centromeric enrichment of the condensin II complex depends on HJURP. Complementary to this, depletion of the condensin II complex reduces HJURP recruitment to centromeres. We also find that the CENP-A chaperone HJURP induces chromatin decondensation when targeted to a LacO/TRE array in U2OS cells. The same region of HJURP that induces this decondensation is sufficient to specifically recruit the condensin II complex, and condensin II modulates the extent of decondensation. Our data identify a new step in the epigenetic deposition of CENP-A requiring HJURP and condensin II presence at early G1 centromeres for successful deposition to occur.

RESULTS
=======

Condensin II depletion results in a CENP-A deposition defect in human cells
---------------------------------------------------------------------------

Studies in human tissue culture cells have implicated condensin involvement in the CENP-A deposition pathway but have not delineated the roles of condensin I versus condensin II ([@B37]). Previous studies in *Xenopus* egg extracts demonstrated that depleting condensin II reduces new CENP-A loading at centromeres ([@B5]). We therefore asked whether specifically the condensin II complex has a role in human CENP-A deposition.

To determine the role of condensin II in new CENP-A deposition in human cells, we depleted the condensin I--specific complex members CAPH and CAPD2 or the condensin II--specific complex members CAPH2 and CAPD3 ([Figure 1, A and B](#F1){ref-type="fig"}) in HeLa-TRex cells expressing inducible mCherry-CENP-A. HJURP depletion was used as a positive control and served as a benchmark for the degree to which CENP-A deposition was decreased. Cells were treated with small interfering RNA (siRNA) for 48 h and then additionally treated with doxycycline (Dox) to induce Cherry-CENP-A expression for the last 15 h ([Figure 1B](#F1){ref-type="fig"}). This experimental setup allowed us to specifically investigate the fate of the newly expressed mCherry-CENP-A under conditions in which the condensin complexes had already been depleted. As expected, HJURP depletion resulted in a complete lack of new mCherry-CENP-A deposition at centromeres, consistent with previous reports and validating the use of the inducible mCherry cell line to assess new CENP-A deposition ([Figure 1, C and D](#F1){ref-type="fig"}, and Supplemental Figure S1A; [@B12]).

siRNA against either the condensin I or the condensin II subunits significantly reduced mRNA levels compared with negative control--treated cells (Supplemental Figure S1B). Depleting the condensin II complex by targeting both the CAPH2 and CAPD3 subunits resulted in a significant decrease of the level of newly assembled mCherry-CENP-A at centromeres. Upon condensin II depletion, the average mCherry-CENP-A centromeric intensity was reduced to ∼65% of the negative control--treated intensity ([Figure 1D](#F1){ref-type="fig"}). In contrast, depleting the condensin I complex resulted in mCherry-CENP-A levels that were 87% of those for the negative control--treated cells ([Figure 1D](#F1){ref-type="fig"}). siRNA treatment against condensin I had a mild effect on condensin II mRNA levels and may explain the modest effect of condensin I on CENP-A assembly (Supplemental Figure S1B). The effect of condensin II siRNA on condensin I levels is mild, whereas the effect on CENP-A deposition is significant. The converse is not true; that is, direct siRNA targeting condensin I has a major effect on condensin I levels but does not significantly affect CENP-A deposition. Therefore we conclude that, as is the case in *Xenopus*, the condensin II complex is important for efficient human CENP-A deposition. However, we cannot completely rule out a minor role for the condensin I complex in CENP-A deposition. Compared with HJURP depletion, the reduction of new CENP-A observed in the condensin II siRNA was intermediate, suggesting that condensin II may facilitate CENP-A deposition but not be absolutely essential.

Condensin II is present at centromeres in early G1 and requires HJURP for recruitment
-------------------------------------------------------------------------------------

Although previous work implicated condensin function in centromere assembly, support for the condensin II complex acting directly at centromeres was lacking, and the effect could therefore be indirect. If the condensin II complex is specifically required to assist in the process of CENP-A deposition, we would expect it to localize to centromeres in early G1, when CENP-A deposition occurs in human cells ([@B23]; [@B10]; [@B12]). To assess whether this is the case, we used a HeLa line that expresses a Dox-inducible CAPH2--green fluorescent protein (GFP). As expected, CAPH2-GFP localized along the arms of chromosomes during mitosis ([Figure 2A](#F2){ref-type="fig"}, top; [@B32]). We then analyzed the CAPH2-GFP localization pattern in early G1 cell pairs, identified by the presence of a midbody between the two recently divided cells. Strikingly, CAPH2-GFP enriched specifically at centromeric loci in 86% of these early G1 cells, marked by the colocalization between the GFP signal and CENP-T ([Figure 2A](#F2){ref-type="fig"}). This indicates that condensin II is present at centromeres during the time frame when CENP-A deposition is occurring. In contrast, although CAPH-GFP was expressed to a lower level than CAPH2, CAPH-GFP was present at mitotic centromeres but absent at early G1 midbody--positive centromeres ([Figure 2, B and C](#F2){ref-type="fig"}). This further supports a unique role for condensin II and not condensin I during the early G1 CENP-A deposition window.

![CAPH2 is present at centromeres in an HJURP-dependent manner in early G1 cells. (A) Representative images of HeLa-TRex cells expressing Tet-inducible CAPH2-GFP. Cells were fixed and then stained with antibody to CENP-T to mark centromeres. Top, CAPH2-GFP localization pattern in early anaphase mitotic cell. Bottom, CAPH2-GFP localization pattern in early G1, midbody-positive cells. Percentages are localization percentages in population of 100 cells. Two biological replicates. Scale bar, 5 μm. (B) Representative images of HeLa-TRex cells stably expressing Tet-inducible CAPH-GFP. Cells were fixed and then stained with an antibody to CENP-A to mark centromeres. Top, CAPH-GFP localization pattern in midbody-positive cells. Bottom, localization in early anaphase mitotic cell. Scale bar, 5 μm. (C) Quantification of experiment in B; 150 centromeres measured per condition. *p* \< 0.0001 by Mann--Whitney test. (D) Representative images of CAPH2-GFP Tet-inducible cells treated with HJURP or negative control siRNA for 48 h with Dox added to induce CAPH2-GFP expression for the last 15 h. Cells were fixed and then stained with antibody to CENP-T to mark centromeres. (E) Quantification in experiment in D. *p* = 0.0393 by two-tailed *t* test. Two biological replicates. (F) CAPH2 intensity measurements at centromeres after 48 h of control or HJURP siRNA treatment. Red line indicates mean, and whiskers mark SE; \>25 centromeres/condition. *p* = 0.0003 by Mann--Whitney test.](54fig2){#F2}

Because the condensin II complex is present at G1 centromeres and contributes to CENP-A deposition, we asked whether HJURP is responsible for early G1 enrichment of condensin II at human centromeres. To answer this question, we depleted HJURP from the CAPH2-GFP stable line for 48 h (Supplemental Figure S1C) and then induced CAPH2-GFP expression for 12 h and analyzed early G1 cells for CAPH2-GFP centromeric localization. We observed a 50% decrease in the percentage of midbody-positive cells with CAPH2-GFP centromeric localization upon HJURP depletion ([Figure 2, D and E](#F2){ref-type="fig"}). The intensity of CAPH2-GFP at these midbody-positive G1 centromeres was also statistically reduced with HJURP compared with control siRNA treatment ([Figure 2F](#F2){ref-type="fig"}).

HJURP interacts with the condensin II complex
---------------------------------------------

HJURP recruitment to a noncentromeric locus is sufficient to determine the site of CENP-A nucleosome assembly and create a de novo centromere ([@B2]; [@B4]). Because we observe an HJURP-dependent recruitment of condensin II to the centromere ([Figure 2](#F2){ref-type="fig"}), and the condensin II complex affects CENP-A deposition ([Figure 1](#F1){ref-type="fig"}), we asked whether HJURP was sufficient to recruit condensin II to the de novo centromeres. U2OS cells containing a stably integrated LacO array were cotransfected with mCherry-LacI-HJURP^1-748^ (full-length HJURP) and either CAPH-GFP (condensin I subunit) or CAPH2-GFP (condensin II subunit; [Figure 3A](#F3){ref-type="fig"}). Using live-cell imaging, we looked for condensin recruitment to the HJURP-positive arrays. We observed strong recruitment of CAPH2-GFP to the HJURP arrays. Although CAPH-GFP levels were lower than those of CAPH2-GFP, we readily detected GFP signal in the cytoplasm but observed no recruitment of CAPH-GFP to the LacO array ([Figure 3B](#F3){ref-type="fig"}). Because condensin I is excluded from the nucleus except during mitosis, we wanted to verify that the specific CAPH2 recruitment was also true in mitotic cells, in which both the condensin I and the condensin II complexes have access to the chromatin. To investigate this, we arrested U2OS-LacO cells cotransfected with mCherry-LacI-HJURP^1-748^ and either CAPH-GFP or CAPH2-GFP in mitosis with nocodazole and then prepared them as metaphase spreads. We found that mCherry-LacI-HJURP^1-748^ was again specifically able to recruit the condensin II subunit, CAPH2-GFP, and not the condensin I subunit, CAPH-GFP ([Figure 3, C, C′, and D](#F3){ref-type="fig"}). When targeted to mitotic chromatin, we note and will address that HJURP causes chromatin decondensation at the LacO array, indicated by the lengthened array shape ([Figure 3, C and C′](#F3){ref-type="fig"}). To quantify the specific recruitment of CAPH2-GFP, we measured its intensity at the array and set it as a ratio against the arm staining. CAPH2 was significantly enriched at the LacO array compared with the condensin I CAPH subunit ([Figure 3D](#F3){ref-type="fig"}). CAPH-GFP was expressed at lower levels than CAPH2-GFP but strongly decorated the arms of the mitotic chromosomes. However, CAPH-GFP was not enriched at the LacO array when HJURP was targeted there, underpinning our findings that HJURP interacts preferentially with condensin II and not condensin I ([Figure 3D](#F3){ref-type="fig"}). To determine whether the presence of CAPH2 indicated that the full condensin II complex was recruited by HJURP, we examined recruitment of the non--complex-specific condensin subunits SMC2/4 to the mCherry-LacI-HJURP^1-748^--positive arrays. Endogenous SMC2 was robustly recruited to mCherry-LacI-HJURP^1-748^--positive arrays and was completely absent at control mCherry-LacI--alone arrays ([Figure 3, E and F](#F3){ref-type="fig"}), suggesting that a functional condensin II complex is assembling at the array.

![HJURP interacts with the condensin II complex. (A) Schematic of U2OS-LacO cells with mCherry-LacI-HJURP1-748 (mCLI-HJURP) and CAPH or CAPH2-GFP coexpressed. (B) Representative live-cell images of U2OS-LacO cells expressing mCLI-HJURP as bait and CAPH or CAPH2-GFP as prey protein. Scale bar, 5 μm. (C) Representative images of mitotic spreads of U2OS-LacO cells transfected for 48 h with mCLI-HJURP and CAPH or CAPH2-GFP. Spreads were fixed and stained with an antibody to CENP-A. (C′) Insets of boxed regions in C. (D) Quantification of experiment in C, represented as a ratio of GFP intensity at mCLI-HJURP positive arrays to GFP intensity on the adjacent chromosome arm; 30 arrays, two biological replicates. *p* \< 0.0002 by two-tailed *t* test. (E) Representative images of U2OS-LacO cells transfected with mCLI-HJURP as bait for 48 h and then stained with antibody for endogenous SMC2. mCLI and SMC2 intensities are scaled equally. Scale bar, 5 μm. (F) Quantification of experiment in E. SMC2 intensity was measured at the array as a ratio over nuclear background signal to show enrichment. Blue dotted line represents a ratio of 1, or no enrichment. Red lines mark the mean, and whiskers are the SD; 20 cells, two biological replicates. *p* \< 0.0001 by Mann--Whitney test. (G) HA immunoprecipitation from HEK cells transfected for 24 h with HA-HJURP with or without CAPH or CAPH2-GFP. CAPH2-GFP alone was used as a negative control. Npm1 is shown as an input loading control. Three biological replicates. (H) HA immunoprecipitation from HEK cells transfected for 48 h with HA-HJURP plus CAPH2-GFP in the presence or absence of nocodazole for the last 15 h of transfection. CAPH2-GFP alone was used as a negative control. Npm1 is shown as an input loading control. Two biological replicates. (I) HA-IP from HEK cells transfected for 48 h with HA-HJURP and CAPH2-GFP or CAPH-GFP. Cells were arrested in nocodazole for the final 12 h of transfection. Blots were probed with antibodies to GFP, HA, and Npm1 as a loading control for the input lanes.](54fig3){#F3}

HA-HJURP was also able to efficiently immunoprecipitate CAPH2-GFP from randomly cycling ([Figure 3G](#F3){ref-type="fig"}) and mitotic cell extracts ([Figure 3H](#F3){ref-type="fig"}). To address whether HA-HJURP could also immunoprecipitate CAPH-GFP, we performed immunoprecipitations from mitotic cell extracts to best equalize the expression of CAPH2 and CAPH. Similar amounts of HA-HJURP pulled down greater amounts of CAPH2-GFP than CAPH-GFP ([Figure 3I](#F3){ref-type="fig"}). We conclude that the human CENP-A chaperone HJURP interacts preferentially with the condensin II complex to facilitate its recruitment during G1 when new CENP-A deposition is occurring at the centromere. However, because CAPH2 and CAPH accumulate to different levels in the cells, even during mitosis, we cannot completely rule out the ability of CAPH to interact with HJURP, at least in the case when HJURP is not bound to chromatin.

We next wanted to determine which region within HJURP is required to interact with the condensin II complex. Full-length (HJURP^1-748^) and truncations of HJURP ([Figure 4A](#F4){ref-type="fig"}) were targeted to the LacO array for 48 h in cells cotransfected with CAPH2-GFP. We observed that fragments of HJURP including amino acids 201--748 were sufficient to recruit the condensin II subunit ([Figure 4, B and C](#F4){ref-type="fig"}). The minimal region of HJURP required to recruit statistically significant amounts of CAPH2-GFP was mCherry-LacI-HJURP^352-748^ ([Figure 4, B and C](#F4){ref-type="fig"}). We additionally demonstrated in a reciprocal experiment that tethering mCherry-LacI-CAPH2 to the LacO array was sufficient to recruit HJURP-GFP ([Figure 4, D and E](#F4){ref-type="fig"}).

![HJURP interacts with condensin II via its C-terminal amino acids 352--748. (A) Schematic of HJURP and its known domains. Numbers are amino acids. (B) Representative images of U2OS-LacO cells cotransfected for 48 h with indicated mCLI-HJURP fragments and CAPH2-GFP. Cells were fixed without preextraction. Scale bar, 5 μm. (C) Quantification of experiment in B. Graph displays intensity of CAPH2-GFP at individual mCLI-HJURP arrays as a ratio over the average nuclear background. Red bar marks the mean, and whiskers mark the SD for each condition; ≥30 arrays/condition. \*\*\**p* \< 0.0001 when compared with mCLI by Kruskal--Wallis test followed by Dunn's multiple comparison test. Blue dotted line marks an intensity ratio of 1, indicating no array enrichment. (D) Representative images of U2OS-LacO cells cotransfected for 48 h with mCLI-CAPH or CAPH2 as bait and HJURP-GFP as prey. Cells were fixed without preextraction. (E) Quantification of experiment in D. Graph displays intensity of HJURP-GFP at individual mCLI-CAPH or CAPH2 arrays as a ratio over the average nuclear background. Red bar marks the mean, and whiskers mark the SD for each condition; ≥20 arrays/condition, two biological replicates. *p* \< 0.0001 by Mann--Whitney test. Blue dotted line marks an intensity ratio of 1, indicating no array enrichment.](54fig4){#F4}

Condensin II depletion reduces HJURP centromeric recruitment
------------------------------------------------------------

We tested whether condensin II function influences the ability of HJURP to access centromeric chromatin in early G1. On condensin II depletion, the percentage of HJURP-GFP centromere--localized cells was significantly reduced to 6.7% relative to 20% of cells in control siRNA ([Figure 5, A and D](#F5){ref-type="fig"}). In contrast to HJURP-GFP, the percentage of Mis18α-GFP centromere--positive cells was unchanged ([Figure 5, A and D](#F5){ref-type="fig"}). Similarly to parental HeLa cell lines, when we targeted the condensin II complex by siRNA (subunits CAPH2 and CAPD3) in cells stably expressing Mis18α-GFP or HJURP-GFP, the transcript levels of both subunits were depleted to ∼30% of their endogenous levels ([Figure 5B](#F5){ref-type="fig"}). This reduction in HJURP centromere recruitment was not due to a mitotic arrest resulting in fewer cells entering into G1 because the mitotic index percentage was uniform among all conditions ([Figure 5C](#F5){ref-type="fig"} and Supplemental Figure S2). Similarly to the decrease in percentage of cells showing recruitment, the intensity of HJURP-GFP at centromeres was significantly reduced with condensin II siRNA ([Figure 5E](#F5){ref-type="fig"}). Consistent with a reduction in HJURP, endogenous CENP-A levels were also reduced after condensin II siRNA in the HeLa HJURP-GFP stable lines ([Figure 5F](#F5){ref-type="fig"}). Therefore we cannot rule out the possibility that reduction of CENP-A deposition due to condensin II depletion leads to fewer binding sites for HJURP in the following cell cycle, although if this were the case, we would expect a loss of Mis18 as well. These results indicate that interaction between HJURP and the condensin II complex is required for HJURP's proper centromeric recruitment and stability once it reaches the centromere in early G1.

![Condensin II depletion reduces HJURP centromeric recruitment. (A) Representative images of Mis18α-GFP HeLa or HJURP-LAP HeLa-TRex stable lines treated with negative control siRNA or CAPH2 plus CAPD3 (condensin II) siRNA for 48 h. Insets highlight centromere-localized examples for Mis18α-GFP and HJURP-GFP. Cells were fixed and then stained with an antibody to endogenous CENP-A. Scale bar, 5 μm. (B) Quantitative PCR analysis of CAPH2 and CAPD3 transcript levels relative to negative control siRNA after 48-h siRNA treatment. GUS was used as an endogenous control transcript. Error bars represent SD. Three biological replicates. (C) Graph displaying percentage of mitotic cells from experiments in A. Error bars represent SD. *p* = 0.5079 by Kruskal--Wallis test followed by Dunn's multiple comparison test. Three biological replicates. (D) Quantification of experiment in A. Graph displays the percentage out of ≥100 cells of either Mis18α-GFP or HJURP-GFP centromere-localized cells after negative control or CAPH2 plus CAPD3 (condensin II) siRNA. Error bars represent SD. *p* = 0.0017 by two-tailed *t* test. Three biological replicates. (E) Graph of HJURP-LAP intensities of individual centromeres in HJURP-LAP stable line after 48 h of control or condensin II (CAPH2 and CAPD3) siRNA; \>2000 centromeres measured per condition. *p* \< 0.0001 by Mann--Whitney test. (F) Endogenous centromere CENP-A intensities in LAP-HJURP HeLa-TRex stable lines treated for 48 h with control or condensin II (CAPH2+CAPD3) siRNA; \>3500 centromeres/condition, three biological replicates. Red line represents mean. *p* \< 0.0001 by Mann--Whitney test.](54fig5){#F5}

HJURP alters chromatin compaction
---------------------------------

Targeting the CENP-A chaperone HJURP to a noncentromeric, LacO/TRE array induced CENP-A chromatin establishment and de novo kinetochore formation at that site ([@B2]). In addition to recruiting and depositing CENP-A, we observed that HJURP affected the chromatin compaction state at the LacO/TRE array as compared with targeting LacI alone ([Figures 3C](#F3){ref-type="fig"} and [6A](#F6){ref-type="fig"}). Because the LacO repeats are a linear array, we expect that the unfolding of the LacO locus would result in an asymmetric extension of the locus. Therefore the chromatin compaction status at the array was quantified by taking the ratio of the longest axis of each array to its shortest axis (asymmetry axis). Targeting full-length mCherry-LacI-HJURP^1-748^ expanded the LacO array to an asymmetry index of 2.67, whereas the mCherry-LacI alone showed an asymmetry index close to 1, as expected ([Figure 6, A and D](#F6){ref-type="fig"}). Full-length HJURP recruitment showed a similar effect on array area (Supplemental Figure S3). This observation is not limited to interphase because extension of the array was also seen during mitosis. We noted that the tip of chromosome 1, where the LacO/TRE array is integrated, was visibly extended compared with the remainder of the mitotic chromosome when mCherry-LacI-HJURP^1-748^ was targeted in mitotic spreads ([Figure 3C](#F3){ref-type="fig"}).

![HJURP induces chromatin decondensation at LacO array via its C-terminal amino acids 352--748. (A) Representative images of U2OS-LacO cells transfected for 48 h with mCLI or mCLI-HJURP. Cells were preextracted and then fixed. Centromeres are marked using a monoclonal antibody to CENP-A. Scale bar, 5 μm. (B) Schematic of HJURP domains. Numbers are amino acids. (C) Representative images of indicated fragments of mCLI-HJURP transfected into U2OS-LacO cells for 48 h. mCLI-VP-16 was used as a positive control for chromatin morphology change. Inset in mCLI-VP-16 image with asterisk was scaled differently to better display differences in array condensation. Cells were prepared as in A. (D) Quantification of array decondensation represented in A and B. The decondensation is quantified as the asymmetry index (ratio of the longest length of each array to its widest width); ≥30 arrays/condition, two biological replicates. Asterisks represent conditions statistically different as compared with control (mCLI alone), p ≤ 0.0001, by Kruskal--Wallis test followed by Dunn's multiple comparison test.](54fig6){#F6}

To investigate what aspects of HJURP contribute to this expansion, we targeted fragments containing separate portions of HJURP to the LacO/TRE array ([Figure 6, B and C](#F6){ref-type="fig"}). Previously we showed that the Scm3 domain--containing fragment of HJURP, HJURP^1-208^, was sufficient to deposit CENP-A nucleosomes. Targeting of the HJURP^1-208^ fragment did not result in extension of the LacO array; however, a fragment of HJURP that excluded the CENP-A--binding Scm3 domain (HJURP^201-748^) showed similar extension of the array to full-length HJURP^1-748^ ([Figure 6, C and D](#F6){ref-type="fig"}). This demonstrates that CENP-A deposition is not required for the HJURP-induced expansion of the array, but it does require the condensin II--binding domain HJURP^352-748^ ([Figures 6, C and D](#F6){ref-type="fig"}, and [4,B and C](#F4){ref-type="fig"}, and Supplemental Figure S3).

Targeting the activator protein VP-16 to LacO arrays has been shown to induce a chromatin morphology change ([@B36]). VP-16 induces a characteristic rosette shape of local decondensation associated with transcription initiation ([@B45]). We therefore used this as a positive control for chromatin condensation change in our assay ([Figure 6, C and D](#F6){ref-type="fig"}). Although VP-16 did produce a localized change in chromatin morphology at the LacO array as previously observed, HJURP dramatically extended the LacO arrays instead of just causing a local decondensation event like VP-16. We additionally verified that condensin II recruitment was not a general response to chromatin condensation changes by targeting mCherry-LacI-VP-16. Although it changed the chromatin compaction at the array, mCherry-LacI-VP-16 was not sufficient to recruit condensin II, indicating that condensin II recruitment by HJURP is specific and not a general response to any type of chromatin condensation change (Supplemental Figure S4).

Condensin II tempers HJURP chromatin compaction capabilities
------------------------------------------------------------

Given that the same region of HJURP (HJURP^352-748^) is responsible for both condensin II recruitment and chromatin expansion, we investigated whether condensin II depletion influences array expansion in any way. We observed endogenous SMC2 recruited by HJURP to the LacO array ([Figure 3E](#F3){ref-type="fig"}), suggesting that the endogenous condensin II complex may be functioning there. If the purpose of condensin II complex recruitment is to counteract the chromatin decondensation induced by HJURP, then depleting the condensin II complex should enhance the ability of HJURP to decondense chromatin at the array. To test this, we transfected U2OS-LacO cells with mCherry-LacI-HJURP^1-748^, followed by 48 h of either negative control siRNA or siRNA to two condensin II complex subunits, CAPH2 and CAPD3 ([Figure 7, A and B](#F7){ref-type="fig"}). Consistent with our hypothesis, we observed an increase in the asymmetry index and area of the mCherry-LacI-HJURP^1-748^ arrays with condensin II siRNA treatment ([Figure 7, A and C](#F7){ref-type="fig"}, and Supplemental Figure S5). The increase in asymmetry index and area in the population as a whole was modest but was statistically significantly different from treatment with negative control siRNA ([Figure 7C](#F7){ref-type="fig"} and Supplemental Figure S5). The modest effect may be due to the fact that the condensin complex is highly abundant in the cell and is difficult to deplete entirely ([Figure 7B](#F7){ref-type="fig"}). mCherry-LacI-HJURP^1-748^ arrays from different replicates displayed highly decondensed character after condensin II depletion, some with lengths between 20 and 30 times their widths ([Figure 7, A and C](#F7){ref-type="fig"}). However, depletion of condensin II did not significantly alter the volume of the endogenous G1 centromere (Supplemental Figure S6), suggesting that changes in centromere compaction orchestrated by condensin II may not directly translate into expansion of the centromere, and other factors may act to constrain the locus.

![Condensin II tempers HJURP chromatin decompaction capabilities. (A) Representative images of U2OS-LacO cells transfected with mCLI-HJURP and then treated with either negative control siRNA or CAPH2 plus CAPD3 (condensin II) siRNA for 48 h. Cells were preextracted and then fixed and stained with a CENP-A antibody. Scale bar, 5 μm. (B) Quantitative PCR analysis of CAPH2 and CAPD3 transcript levels relative to negative control siRNA after 48-h siRNA treatment. GUS was used as an endogenous control transcript. Error bars represent SD. Three biological replicates. (C) Asymmetry index measurements of experiments in A. Bar represents the mean, and whiskers mark the SD. *p* = 0.0206 by two-tailed *t* test; 30 arrays/condition, three biological replicates. (D) Graph of average asymmetry axis values from U2OS-LacO cells expressing mCLI-HJURP and GFP-TetR after 48 h of either control or condensin II siRNA. Cells were treated with 5 mM IPTG to remove mCLI-HJURP from the LacO array for the indicated time points; 20 arrays per time point per condition. Corresponding representative images are in Supplemental Figure S7.](54fig7){#F7}

Finally, we tested whether the expansion of the array induced by mCherry-LacI-HJURP at the LacO array was reversible. We treated mCherry-LacI-HJURP and GFP-TetR (independent array marker)--transfected LacO containing cells with control or condensin II (CAPH2 and CAPD3) siRNA for 48 h. The size of the array was examined after 75 min of isopropyl-β-[d]{.smallcaps}-thiogalactoside (IPTG) treatment to remove LacI-HJURP from the array. We observed that the chromatin at the array was able to return from its extended shape to a simple round shape in both the control and condensin II siRNA--treated cells ([Figure 7D](#F7){ref-type="fig"} and Supplemental Figure S7). We conclude that the extension induced by HJURP when it is targeted to chromatin is a reversible and actively maintained state that can be influenced by condensin II recruitment.

DISCUSSION
==========

Here we demonstrate an interaction between the condensin II complex and HJURP in human cells that supports a specific requirement for condensin II in CENP-A deposition. We identify a pool of condensin II present at early G1 centromeres during the CENP-A deposition window in human cells. In addition, we show that the presence of HJURP can induce compaction changes to chromatin in vivo. The activity of condensin II complex appears to work in opposition to the intrinsic decondensation activity of HJURP. Our data support a model in which the condensin II complex works alongside HJURP to facilitate new CENP-A deposition ([Figure 8](#F8){ref-type="fig"}).

![Model of condensin II and HJURP at the centromere during CENP-A deposition. HJURP brings new CENP-A with it to the centromere. Once at centromeric chromatin, HJURP decondenses the chromatin there and loads new CENP-A into the chromatin. Condensin II is locally enriched with HJURP and recondenses the chromatin after HJURP deposits CENP-A, leading to stable new CENP-A assembly. Condensin II is also involved in stably recruiting or keeping HJURP at the centromere in early G1, and so they are drawn as interacting at that time.](54fig8){#F8}

HJURP and the Mis18 complex are the major determinants of CENP-A assembly, providing a connection between the existing centromere, new CENP-A deposition, and the nucleosome assembly activity necessary to form the new CENP-A nucleosomes ([@B14]; [@B10]; [@B12]). However, because deposition of new CENP-A occurs into existing chromatin in human cells, the process of new CENP-A deposition may also require additional factors to remodel or remove existing H3.3 nucleosomes that are believed to occupy centromeric loci in late G2 and early mitosis ([@B9]). Condensin II activity is able to induce positive supercoiling in DNA, which will destabilize canonical nucleosomes and may facilitate the removal of H3 nucleosomes and provide access of HJURP to DNA for CENP-A deposition ([@B28]; [@B21]). In addition, the facilitates chromatin transcription (FACT) complex---nucleophosmin 1, retinoblastoma binding protein 7 (RBBP7; also known as RbAp46), and retinoblastoma binding protein 4 (RBBP4, also known as RbAp48), which have all been implicated in chromatin remodeling---have also been shown to interact with CENP-A or its deposition machinery. However, the exact roles of these proteins in centromere assembly are not well understood ([@B18]; [@B13], [@B12]; [@B31]; [@B14]; [@B10]; [@B42]; [@B29]).

HJURP and CENP-A were previously implicated in the repair of DNA double-strand breaks (DSBs; [@B25]; [@B50]). DNA damage repair is similar to human CENP-A deposition in that it requires the proteins involved in repair to act on previously chromatinized DNA templates. HJURP has been shown to bind synthetic Holliday junctions, but the role of HJURP in DNA damage is unclear ([@B25]). The condensin II complex is also required for efficient DSB repair ([@B47]). It is possible that the decondensation phenomenon we characterized here and the interaction of HJURP with condensin II may also be important for the poorly understood role of HJURP in DNA damage.

In humans, as well as in several other species, the condensin II complex is specifically enriched at centromeric, CENP-A--containing chromatin during mitosis, whereas the condensin I complex is absent from these regions ([@B43]; [@B32]; [@B39]; [@B41]). This enrichment of condensin II at the centromere in human cells requires Aurora B ([@B32]). During early G1, we observed that the condensin II complex is specifically enriched at centromeric chromatin ([Figure 2](#F2){ref-type="fig"}). It is not clear whether mitotic and G1 pools of condensin II are the same or condensin II is recruited to centromeres de novo during G1. We observed a decrease in HJURP recruitment when condensin II is reduced by siRNA ([Figure 5](#F5){ref-type="fig"}). It may be that the activity of the mitotic pool of condensin II is required for full access of HJURP to centromeric DNA. From our experiments, it is not clear whether the reduction of HJURP is due to less HJURP recruitment to the centromere or reduced residence time of the protein; both would explain the reduction in the percentage of cells showing HJURP recruitment and reduced intensity of HJURP at centromeres in early G1 ([Figure 5](#F5){ref-type="fig"}).

We observed axial expansion of the LacO array after targeting HJURP. In chicken cells, tethering of HJURP leads to an expansion of CENP-A beyond the LacO array ([@B34]). Although the axial distortion of the array we observe is reversible, we expect that the expanded area of CENP-A deposition may not be. Therefore we believe that these two phenomena are distinct events driven by HJURP. However, we do not know whether condensin function or the expansion induced by HJURP may facilitate expanded deposition of CENP-A.

The expansion did not require the deposition of CENP-A nucleosomes ([Figure 6](#F6){ref-type="fig"}). The similarity between vertebrate HJURP and yeast Scm3 proteins is limited to the Scm3 domain ([@B38]). The Scm3 domain is responsible for CENP-A binding and is sufficient to direct the deposition of new CENP-A nucleosomes ([@B42]; [@B2]; [@B8]; [@B22]; [@B51]; [@B3]). HJURP amino acids 352--748, which were sufficient to induce chromatin expansion and also recruit the condensin II complex, contain the HCTD domains of human HJURP, one of which contains the centromere-targeting domain of HJURP ([Figures 4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}; [@B49]). These domains are absent from yeast Scm3. This may reflect that fact that new CENP-A nucleosome addition to the centromere in *Saccharomyces cerevisiae* and *Schizosaccharomyces pombe* is coincident with DNA replication and does not necessitate removal of H3 nucleosomes or remodeling of the existing chromatin to achieve CENP-A deposition. Therefore we propose that HJURP-induced decondensation of chromatin and recruitment of the condensin II complex may be unique to vertebrate systems. We propose that these processes have been necessitated by the uncoupling of CENP-A deposition from DNA replication and therefore require remodeling of the centromeric chromatin template in addition to the accrual of new CENP-A to the centromere.

MATERIALS AND METHODS
=====================

siRNA, Western blotting, and quantitative PCR
---------------------------------------------

U2OS-LacO or HeLa-TRex cell lines stably expressing Mis18α-GFP, HJURP-LAP, or mCherry-CENP-A were plated at 1 × 10^5^ cells in six-well plates on polylysine-coated coverslips if used for immunofluorescence (IF). If applicable, cells were transfected with Lipofectamine 2000 as described and then treated with siRNA after 8 h of transfection. Transfection medium was left in the well. For siRNA treatment alone without transfection, 24 h after plating, cells were treated with siRNA. Concentrations in well (3-ml total volume in six-well plate format) and product information: 50 nM CAPD3 custom Stealth siRNA from Life Technologies (Carlsbad, CA) (5′ CAA GCC UCU GUU AAC UUG AAU UCC U 3′), 33 nM custom Stealth siRNA from Life Technologies CAPH2 (5′ UUC CAG AGA UGA AAU CAA GGG CCU G 3′), 20 nM HJURP Silencer Select siRNA from Life Technologies (siRNA ID s30814), or equal amount of Negative Control \#2 Silencer Select siRNA from Life Technologies (4390846). RNAiMAX was used as lipofection reagent. After 24 h, one-third of the plating volume DMEM with 10% heat-inactivated fetal bovine serum (FBS) plus 5% penicillin/streptomycin was added. For CAPH2 plus CAPD3 depletion, existing medium in the well was removed, and a second siRNA treatment was done at 48 h after plating. For HJURP depletion Western blot analysis, cells were harvested 48 h after siRNA treatment with phosphate-buffered saline (PBS) plus 3 mM ethylenediaminetetraacetic acid (EDTA) and counted and whole-cell lysates were made in SDS--PAGE sample buffer. Lysates from 1 × 10^5^ cells/lane were separated on 10% SDS--PAGE gel and transferred to nitrocellulose. Blots were incubated in primary anti-HJURP (3399) or anti-tubulin (AA2) antibody overnight at 4ºC and in secondary antibodies (Jackson Laboratories) for 1 h at room temperature. For CAPH2 and CAPD3 depletion analysis, cells were harvested using PBS plus 3 mM EDTA and were washed once with PBS. RNA was extracted using Qiagen (Hilden, Germany) RNeasy Mini Kit (74104). cDNA library was prepared using 1 μg of RNA as input for an iScript cDNA synthesis kit (1708890; Bio-Rad). Quantitative PCR with primers to GUS, CAPH2, or CAPD3 from 1 μl of cDNA template was performed (Sybr Green iQ SYBR Green Supermix; 170-8880).

Cell culture, transfections, and immunocytochemistry
----------------------------------------------------

HeLa or U2OS-LacO cells were plated to polylysine-coated coverslips at 1 × 10^5^ cells/well in six-well plates, 0.6 × 10^5^ cells/well in 24-well plates, or 1 × 10^6^ cells for 10-cm^2^ plates. Cells were transfected in Opti-MEM 24 h later with 0.2--0.25 μg of plasmid DNA (24-well plate), 1 μg (six-well plate), or 5.8 μg (10-cm^2^ dish) using 0.4 μl (24-well plate), 2 μl (six-well plate), or 11.6 μl (10-cm^2^ dish) of Lipofectamine 2000 (11668-027; Life Technologies). Cells were left in Opti-MEM plus transfection complexes for 9 h, and then medium was changed to DMEM plus 10% FBS and 5% penicillin/streptomycin. HEK293T cells were transfected in serum-free, penicillin/streptomycin--free DMEM using 4 μg of DNA and 30 μl of Polyfect (Qiagen 301105) per 6-cm^2^ dish.

Live-cell imaging was conducted on the U2OS-LacO cell line at 37°C in Leibovitz's L-15 medium including 10% FBS after 48 h of transfection. Images were collected at 6-min intervals on a DeltaVision Microscope (Pittsburgh, PA) equipped with a Weatherstation environmental chamber maintained at 37°C.

For fixation, U2OS-LacO and HeLa-TRex cells were preextracted with 0.1% Triton-X in PHEM (PIPES \[piperazine-*N*,*N*'-bis\], HEPES \[4-\[2-hydroxyethyl\]-1-piperazineethanesulfonic acid\], EGTA \[ethylene glycol-bis\[β-aminoethyl ether\]-*N*,*N*,*N*',*N*'-tetraacetic acid\], magnesium sulfate) buffer for 3 min, fixed with 4% paraformaldehyde in PBS for 10 min, and then quenched by addition of 100 mM Tris-HCl, pH 7.5, for another 5 min at room temperature. Experiments that were not preextracted are indicated in figure legends. Cells were blocked in 2% FBS and 2% bovine serum albumin in 0.1% Triton plus PBS. Centromeres were visualized with a rabbit polyclonal anti--CENP-T antibody 1:2000 (3408) or monoclonal CENP-A at 1:1000 dilution (ab13939; Abcam, Cambridge, UK). DNA was stained with 4′,6-diamidino-2-phenylindole (0.2 mg/ml). Donkey-anti-rabbit Cy5-conjugated (111175003; Jackson Laboratories, Bar Harbor, ME) or Cy-3 or fluorescein isothiocyanate--conjugated goat anti-mouse or secondary antibodies were used for detection, and coverslips were mounted with 4 μl of Prolong Gold (Life Technologies).

All micrograph images were collected using a 60 or 100× oil-immersion Olympus (Tokyo, Japan) objective lens (numerical aperture 1.40) on a DeltaVision deconvolution microscope using a Photometrics (Tucson, AZ) CoolSNAP HQ^2^ camera. Acquisition software used was SoftWoRx (Applied Precision). Images were deconvolved and are presented as stacked images. All representative images within cell lines in figures were collected with identical exposure times and scaled equally for [Figures 2--7](#F2 F3 F4 F5 F6 F7){ref-type="fig"}. [Figure 1](#F1){ref-type="fig"} mCherry-CENP-A levels were collected with identical exposure times and scaled equally. CENP-T levels in [Figure 1](#F1){ref-type="fig"} were scaled independently for visualization. Intensities in live-cell and fixed images were analyzed using ImageJ. The CRaQ plug-in was used to measure \>5000 centromeres for the mCherry-CENP-A deposition experiment, as well as for the HJURP-GFP and endogenous CENP-A intensity at centromeres with and without condensin II knockdown ([@B7]). Details of each analysis method are provided in the appropriate figure legends.

Mitotic chromosome spreads
--------------------------

U2OS-LacO cells were arrested overnight in 0.1 μg/ml nocodazole in DMEM GlutaMAX medium 32 h after transfection. Mitotic cells were harvested using a transfer pipette to blow cells off the plate. Cells were spun down, washed in 1× PBS, and resuspended at 1 × 10^6^ cells/ml in a hypotonic solution (20 mM HEPES, pH 7.0, 1 mM MgCl~2~, 0.2 mM CaCl~2~, 20 mM KCl, LPC, and 0.5 μg/ml nocodazole/Colcemid). After 10 min in the hypotonic solution, cells were spun onto glass slides using a cytospin at 2000 rpm for 4 min (30,000 cells/slide), immediately hydrated with 1× PBS, and then fixed and immunostained as described. The anti-mouse CENP-A antibody was used at a 1:1000 dilution (13939; Abcam).

Immunoprecipitations
--------------------

HEK293T cells were plated to 90% confluency in 6-cm^2^ dishes. After 24 h, cells were transfected using Polyfect (Qiagen) as described. For mitotically arrested populations, 0.1 μg/ml nocodazole was added to the medium for 12 h. After 24 h, cells were harvested on ice using PBS plus 3 mM EDTA. Cells were spun down and then washed once with PBS. Cells were lysed for 10 min on ice in 1 ml of RIPA buffer with occasional vortexing (150 mM NaCl, 1% NP-40, 0.3% deoxycholate, 0.15% SDS, 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10% glycerol, 1× Roche (Basel, Switzerland) protease inhibitors, 200 μM NaV, 0.5 mM phenylmethylsulfonyl fluoride, 5 mM NaF, 50 mM β-glycerophosphate). Lysates were sonicated by 2 × 10 cycles of 30 s on/30 s off, using a Biorupter. Lysates were spun down at maximum speed, and then the full 1-ml supernatant was precleared with 10 μl of Protein A agarose beads for 1 h on ice. Beads were spun out, supernatants were transferred to a fresh tube, and 1 μl of hemagglutinin antibody (HA.11 161312; Covance) or 0.2 μl of immunoglobulin G was added overnight at 4°C with rotation. The next day, 8 μl of Protein A Dynabeads (10001D; Life Technologies) was added for 1 h on ice. Beads were washed once with radioimmunoprecipitation (RIPA) buffer and three times with PBST. Beads were resuspended in sample buffer.

Inducible CENP-A, CAPH2, and CAPH cell lines
--------------------------------------------

HeLa-TRex cells containing a Dox-inducible mCherry-CENP-A or CAPH/H2-GFP integration were plated at 1 × 10^5^ cells/well in a six-well plate, and cells were plated on polylysine-coated coverslips for IF wells. Cells were kept in serum-free medium during this protocol (following the initial plating step) to ensure that inducible constructs were not expressed until Dox was added. After 24 h, cells were treated with siRNA plus RNAiMAX. See siRNA treatment described earlier for details. After 32 h of siRNA treatment (8 h after a second round of siRNA, if applicable), Dox was added at a concentration of 1 μg/ml to induce the expression of the mCherry-CENP-A or CAPH/H2-GFP. siRNA was left in the well to ensure that depletion continued during CENP-A or CAPH/H2 loading. Cells were induced with Dox overnight and then fixed and stained.

Antibodies
----------

We used the following antibodies: CENP-A mouse monoclonal (13939; Abcam), 1:1000, IF; CENP-T rabbit polyclonal (3408), 1:2000, IF; GFP rabbit polyclonal (3404), 1:1000, immunoblotting (IB); HA mouse monoclonal (HA.11 161312; Covance, Princeton, NJ), 1:1000, IB; Npm1 mouse monoclonal, 1:10,000, IB; and HJURP rabbit polyclonal (3399), 1:1000, IF.
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CENP-A

:   centromere protein A

HJURP

:   Holliday junction recognition protein

Mis18

:   missegregation protein 18.
